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Abstract 
Microstructuring is one suitable method to improve the tribological properties of surfaces. It leads to a reduction in friction and wear, especially 
in highly loaded tribological contacts. There are several machining techniques to generate microstructures, such as laser beam removal, cold 
forming, etching or fly-cutting. This paper describes a new method to produce microstructured surfaces more economically, based on a two-
staged vibration-assisted turning process. During the first step, a specific microstructure is realized by ultrasonic vibration assistance of the 
turning tool in the direction perpendicular to the workpiece surface. In the subsequent step, the peaks of the obtained microstructured surface 
are removed by precision turning without vibration. This results in a plateau-shaped and microdimpled surface. The two-staged vibration-
assisted turning process offers the advantage that no additional process is required after finishing because the microstructuring process is 
already part of the finishing operation. The investigated process can easily be integrated into large batch production, e. g., for tribological 
optimization of powertrain components. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
The rise in interest in the subject of energy efficiency is 
mainly motivated by limited energy resources that have to 
fulfill continuously increasing energy consumption. The 
industrial sector is an especially energy intensive domain, 
where suitable measures to save energy lead to a great 
ecological and economic impact. 
Energy losses in mechanical devices are to a very high 
degree related to friction and wear mechanisms. Hence, 
tribological properties are a determining factor in the energy 
efficiency of technical systems and machinery. This includes 
the manufacturing as well as the service cycle of tribologically 
loaded components. 
Lubricated sliding systems are common elements in the 
field of engineering, for example in automotive and 
powertrain assemblies. Many research activities have been 
carried out in order to enhance the friction and wear behavior 
of these components under different operating conditions. 
Typical measures to improve the tribological system behavior 
are lubricant selection, material selection and surface 
finishing. An additional method that has been shown to offer 
great potential in reducing friction is deterministic surface 
structuring [1, 2]. 
In real process chains for production of parts, the practical 
application of microstructuring technologies is often inhibited 
by the great technological effort required and the low 
production efficiency. For this reason, innovative processes 
are necessary to withstand future demands for increased 
energy efficiency. In order to obtain a fast, easily applicable 
process for the microstructuring of tribological applications, a 
technology based on a cutting process with defined cutting 
edge was developed. The new approach uses a simple turning 
operation with ultrasonic vibration assistance to produce 
defined microstructures on a surface. The effect of the process 
parameters on the obtained microstructures, characterized by 
structure density and aspect ratio, was further investigated 
theoretically by using a MATLAB simulation model. The 
functionality of the new concept in order to microstructure
surfaces of steel parts was shown exemplarily. 
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   Nomenclature 
 ap-1 cutting depth (first step: VAT) 
 ap-2 cutting depth (second step: finishing) 
 Ap-p peak-to-peak amplitude 
 AR aspect ratio 
 dcav,c-c distance between cavities (center to center) 
 D structure density 
 f1 feed (first step: VAT) 
 f2 feed (second step: finishing) 
 fus frequency 
 FN normal force 
 h structure depth 
 v rotational speed 
 vc cutting speed 
 vf feed rate 
 VAT vibration assisted turning 
2. Microstructuring of surfaces 
2.1. Processes 
In order to obtain high-quality microstructures for the 
purpose of friction reduction, the processes of laser ablation, 
Jet-ECM, EDM, etching, microforming, micro milling and 
fly-cutting have been developed and investigated up to now. 
In the field of research as well as in practical applications, 
laser ablation is a commonly used process for the 
manufacturing of surface microstructures. However, this 
process has the disadvantage of influencing workpieces 
thermally. As a consequence of this, material deposits and low 
structure quality can negatively influence the tribological 
contact. In order to avoid this, additional time- and energy-
consuming finishing processes must be performed. 
In Jet-ECM, an electrolytic jet is guided from a nozzle that 
serves as a cathode to a workpiece which is the anode. This 
leads to high precision material removal and is a suitable 
method to produce burr-free microstructures without any 
thermal material damage [3]. However, the commercial 
availability of electrochemical technologies limits the field of 
application presently. 
Another recently developed method to create 
microstructures is micro-embossing. Besides cost and time 
efficiency, this method offers feature improvements in the 
part surface, such as hardening by cold forming. One problem 
with the application of this method is the possible formation 
of burr around the microstructures. Additionally, the 
manufacturing of special structuring tools is cost-intensive, in 
particular for the structuring of hard materials [1, 4].  
Compared to laser ablation, machining processes have 
obvious advantages, such as lower cost and lower energy and 
time consumption. Therefore the machining process fly-
cutting as a finishing operation in manufacturing has been 
developed to create microstructures on part surfaces with 
tribological function (Fig. 1). However, this method also has 
undesirable effects. When machining small structures, 
material in the compression zone in front of the cutting edge 
is squeezed in the direction of the free lateral surface areas 
and causes burrs, which can lead to limited functionality of 
the structured surface. Considerable effort is necessary to 
avoid the problem of burr formation [5, 6]. 
 
 
 
 
 
 
 
 
 
Fig. 1. Fly-cutting kinematic for inner diameter machining of microdimples 
and resulting surface topography [7]. 
2.2. New approach 
Surfaces machined by conventional turning are normally 
not suitable for tribological applications, because their load-
carrying capacity is low. These properties can be improved by 
surface microstructuring. In order to produce burr-free 
microstructured surfaces for tribologically loaded surfaces by 
turning, a new vibration-assisted turning (VAT) process 
including two cutting steps was developed. 
The principle of this new approach is shown schematically 
in Fig. 2. During the first step of this method, the turning tool 
is assisted with ultrasonic vibrations in the direction 
perpendicular to the workpiece and causes regular structures 
on the surface. In the second step without vibration assistance, 
the cutting depth must be smaller than the structure depth 
machined in the first step. As a consequence of this, closed 
microstructures are separated from each other. The second 
finishing step is necessary to obtain the desired flat surface 
containing closed microstructures (Fig. 2b). 
The geometry and arrangement of the microstructures can 
easily be controlled by varying the process parameters. The 
influence of the machining parameters was studied by 
simulation and is presented in the next section. Furthermore, 
the new process was tested practically using hardened steel 
42CrMo4. The results of these experiments are presented in 
section 4. 
The application of this new approach for the 
microstructuring of surfaces offers many advantages. On the 
one hand, this process allows burr-free and highly efficient 
surface microstructuring. Furthermore, the implementation of 
the process within conventional finishing operations is easy 
and requires low technological effort. 
 
 
 
 
 
 
 
 
Fig. 2. Principle of the newly developed microstructuring approach with 
surface structure enlarged 10 times. 
(a) first cutting step; (b) second cutting step 
(a) (b) 
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3. Process simulation 
3.1. Process model and MATLAB implementation 
The introduced VAT process is characterized by several 
parameters. Besides the turning process and system 
parameters, different influencing variables for the ultrasonic 
vibration assistance and the particular cutting operations must 
be taken into account. Table 1 gives an overview of the 
relevant parameters for the surface structuring approach. 
Table 1. Process and system parameters for the two-staged VAT-process. 
Turning process Ultrasonic vibration Tool 
Feeds f1, f2 Amplitude Ap-p Geometry 
Cutting depths ap-1, ap-2 Frequency fus Material 
Cutting speed vc   
 
From the tribological point of view, it is known that 
surface microstructures greatly influence tribological behavior 
[8]. The structure density and structure geometry are 
especially important factors. For this reason these specific 
values were analyzed depending on the process parameters. 
In order to investigate the influence of the numerous 
process and system parameters on the obtained surface 
microstructures, a MATLAB simulation program was 
developed. This program is based on a kinematic approach 
where an analytically described tool forms the surface 
structure of the workpiece. This is illustrated in Fig. 3. The 
workpiece surface is represented by a two-dimensional 
m × n - matrix containing the corresponding altitudes in 
z-direction. During the program run, the tool is moved 
virtually over the surface considering the specified movement 
parameters. The processing is divided into discrete steps. In a 
single step, the current position of the tool is calculated. After 
that, all nodes are checked with regard to tool penetration. 
The altitude of the penetrated surface nodes are finally 
reduced to the level of the tool geometry. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Principle of the implemented MATLAB algorithm. 
The procedure performed here creates a kinematic image 
of the tool geometry onto the surface of the workpiece. For 
the simplification of the program code, no tool wear, no 
elastic deformation, idealized material removal and a linear 
tool motion were assumed. With the obtained surface data, 
different roughness values or characteristic values for the 
obtained microstructures can be calculated. In the present 
study the influence of the parameters Ap-p, fus, vc, f1 and ap-2 on 
the structure density D and mean aspect ratio AR was 
investigated. In this context, the structure density denotes the 
microstructured area in relation to the nominal area. The 
aspect ratio measures the structure depth in relation to the 
mean diameter. With the help of the Abbott curve, the 
structure density can be obtained [9]. Together with structure 
depth that can be determined by the same curve, the aspect 
ratio of the microdimples can be calculated using the 
following equation: 
us
c
f
fvD
hAR
14 
 
S
                             (1) 
For the simulations, a grid resolution of 1 μm and a 
nominal area of 2 × 2 mm² were selected as the workpiece 
area. For the simulations and for the experiments conducted 
here, a tool with the specification CCGW 120404 GA2 
manufactured by Mitsubishi Materials was used. This tool has 
a corner radius of 0.4 mm and a rounded cutting edge with a 
radius of 30 μm. Further geometrical specifications are shown 
in Fig. 4. The cutting edge angle was set to 5°. 
 
manufacturer: 
Mitsubishi 
designation:  
CCGW 120404 GA2 
material: 
cubic boron nitride 
Fig. 4. Geometrical specifications of the tool used. 
The selected cutting parameters for the simulations are 
shown in Table 2. Cutting speed and feed are orientated 
towards the machining parameters usual for hardened steel. 
For the variation of one parameter, the other ones were set to 
their mean values. The cutting depth ap-1 was not varied, 
because this value has theoretically no influence on the result. 
However, the cutting depth ap-2 influences the result distinctly. 
The magnitude of this value is measured from the zero level 
of the vibration movement in the first turning operation. 
Table 2. Defined parameters for the MATLAB simulation. 
Studied parameter Min. value Mean value Max. value 
Amplitude Ap-p [μm] 5 10 15 
Frequency fus [kHz] 10 25 40 
Cutting speed vc [m/min] 120 180 240 
Feed f1 [mm] 0.1 0.2 0.3 
Cutting depth  ap-2 [μm] -2 0 2 
 
The feed f2 determines the quality of the surface around the 
microstructures. When using a tool without wiper geometry, 
the feed f2 must be low in order to obtain a low surface 
roughness. To achieve similar roughness values with a higher 
feed f2, a tool with wiper geometry can be used. For the 
structure density, arrangement and geometry, this parameter 
has almost no effect for a given tool. For this reason this 
parameter was set to a constant value of 30 μm. 
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3.2. Influence of the vibration parameters 
By varying the vibration amplitude Ap-p, the depth and thus 
the aspect ratio of the cavities can be controlled. It must be 
considered that greater amplitudes cause greater passive 
forces in the practical application. This can have a negative 
influence on the cutting process. The simulation result showed 
that both values D and AR increase with increasing amplitude 
(Fig. 5 and Fig. 8). 
 
 
 
 
 
 
 
Fig. 5. Influence of the amplitude Ap-p on the surface structure (detail). 
The frequency fus of the vibration determines the distance 
between the cavities dcav,c-c in the cutting direction (Eq. (2)). 
An increasing frequency causes shorter distances between the 
surface cavities. In commercially available ultrasonic systems, 
the frequency often features a fixed value. However, 
knowledge of the effect on the surface microstructures is 
essential for understanding the process and the selection of 
suitable systems in practical applications. Fig. 8 shows that 
both values D and AR increase slightly with increasing 
frequency. 
3.3. Influence of the turning process parameters 
Regardless of the vibration frequency fus, the cutting speed 
vc is responsible for the distance between the cavities dcav,c-c in 
cutting direction. A lower cutting speed causes a shorter 
distance between the microstructures that can be calculated 
analytically by the following equation: 
usccccav fvd /,                                (2) 
It is clear that a greater distance between the structures 
resulting from an increase in cutting speed leads to a lower 
structure density. The simulation yielded values of D = 42 % 
for vc = 120 m/min and D = 29 % for vc = 240 m/min. The 
result of the parameter variation is presented in Fig. 6.  
 
 
 
 
 
 
 
Fig. 6. Influence of the cutting speed vc on the surface structure (detail). 
In contrast to the influence of feed f2, where lower values 
are favorable for the achievement of the intended surface 
microstructures, the value of f1 should be significantly higher. 
The value of this parameter determines directly the distance of 
the cavities (center to center) in the feed direction. 
Furthermore, this parameter influences the manufacturing 
time, the cutting force affecting the tool and thus the process 
stability. In the event that no overlap of the structures occurs, 
the structure density changes solely depending on the feed f1 
(Fig. 8). 
As a consequence of the low amplitudes in the range of a 
few micrometers, the obtained aspect ratio of the 
microstructures is comparatively low. Concerning the 
tribological behavior, this is an advantageous property [1]. 
However, the manufacturing process requires systems with 
high accuracy, because the microstructure geometry and the 
density respond sensitively to the change of the cutting depth 
ap-2. Because of the assumed reference position in the middle 
level of the vibration, the defined cutting depth ap-2 can 
exhibit negative values in this case. As the cutting depth ap-2 
increases, more material is removed from the surface. As a 
result of this, the microstructures become smaller and the area 
density decreases (Fig. 7). The contrary trend can be observed 
by decreasing this parameter. 
 
 
 
 
 
 
 
Fig. 7. Influence of the cutting depth ap-2 on the surface structure (detail). 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Summary of the simulation results. 
Fig. 8 summarizes the results of the simulation. From the 
results, it can be determined that the structure density D 
responds sensitively to the machining and vibration 
parameters. The feed f1 especially changes the structure 
density at a constant aspect ratio. For the tested parameter 
combinations, the aspect ratio AR remained comparatively 
stable in the range of 0.036 to 0.061. 
3.4. Influence of the cutting tool 
In the introduced microstructuring process, the cutting tool 
forms the surface cavities during the first cutting operation 
with ultrasonic vibration assistance. In consideration of the 
permitted cutting parameters, different tool geometries can be 
used in order to create different microstructure geometries. 
The cutting edge geometry, including tool wear, is especially 
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responsible for the obtained microstructure geometry. When 
using cutting tools with wiper geometry, for example, longish 
microstructures with a transversal arrangement to the cutting 
direction can be achieved. When using tools with smaller 
edge radii as simulated, finer structures could be 
manufactured. Furthermore, it is fundamentally possible to 
design special tool geometries for the manufacturing of 
surface microstructures with specific geometrical 
requirements. In addition to that, improvements in the process 
with regard to process speed and obtained structure quality 
and layout can be achieved by using separate tools for the two 
cutting steps. 
4. Experimental results 
4.1. Surface microstructuring 
The experimental test of the microstructuring approach 
was performed on a precision-lathe SPINNER PD 32. The 
measurement system resolution is specified at 0.1 μm by the 
manufacturer of the machine. 
For the generation of the tool vibration, an ultrasonic 
vibration system (DEVAD GmbH, Germany) was integrated 
into the turning machine. The control of the vibration with the 
help of the ultrasonic frequency generator UIP 250 (DEVAD 
GmbH, Germany) is achieved by a measured feedback signal. 
The generated frequency is adjusted to the resonance 
frequency of 24 kHz. The amplitude Ap-p of the vibration at 
the tool corner can be varied in the range of 3.2 μm to 
10.4 μm. The experimental setup with the implemented 
ultrasonic vibration system is shown in Fig. 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Setup for the conducted experiments. 
(a) workpiece; (b) tool; (c) vibration system (sonotrode) 
For the experiments, 42CrMo4 (1.7225) steel samples with 
an outer diameter of 58 mm were used (Fig. 9a). The samples 
were hardened in oil and exhibited a hardness of 677±5 HV5. 
In the first experiments, the functionality of the 
microstructuring process was tested exemplarily by the 
variation of the feed f1 in the range of 0.1 mm to 0.3 mm. The 
other parameters were selected as follows: 
amplitude Ap-p = 5.7 μm 
cutting speed vc = 200 m/min 
feed f2 = 0.03 mm 
cutting depth ap-1 = 100 μm 
cutting depth ap-2 = 0 μm 
For the evaluation of the results, surface measurements 
were carried out using the laser scanning microscope Keyence 
VK-9700. The data was acquired with a lateral resolution of 
556 nm and a step width of 20 nm in z-direction. The obtained 
surface data was corrected due to inclination. After that, the 
structure density D and structure aspect ratio AR were 
determined. The data was compared to the simulation data for 
the tested parameter steps f1 = 0.1 mm; 0.2 mm and 0.3 mm. 
The experimental results presented in Fig. 10 show that it 
was possible to produce microstructured surfaces by using the 
introduced machining approach. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Topography of microstructured surfaces by VAT. 
(a) surface after the first cutting step; 
(b)-(d) surfaces obtained by the variation of the feed f1 
In order to verify that surface microstructures with high 
structure quality were machined, a two-dimensional 
roughness profile was extracted from the surface data shown 
in Fig. 10b. The result is presented in Fig. 11. The surface 
profile confirms that it was possible to achieve a plateau-
shaped surface with burr-free microstructures. The 
measurement of the microstructure distance yielded a value of 
dcav,c-c = 140.9±2.8 μm, which corresponds well to the 
theoretical value of dcav,c-c = 138.9 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Cross-sectional profiles of the machined microstructures. 
surface profiles in (a) cutting direction and (b) feed direction 
(Ap-p = 5.7 μm, vc = 200 m/min; f1 = 0.1 mm, f2 = 0.03 mm, 
ap-1 = 100 μm, ap-2 = 0 μm) 
(a) 
(b) (c) 
(a) (b) 
(c) (d) 
(a) 
(b) 
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The results of the practically obtained surfaces were 
compared to the simulation. It was possible to determine that 
the measured aspect ratios of AR = 0.042; 0.037 and 0.032 
could be approximated well by the simulation, where 
AR = 0.037 was calculated. Concerning the structure density, 
the simulation yielded values of D = 39 %; 20 % and 13 %. 
The measurements showed that the real structure densities 
were considerably higher, with D = 50 %; 40 % and 21 %. It 
is assumed that this offset results from the inaccurate cutting 
depth ap-2 in the experiments. However, the tendency was 
predicted well by the simulation. 
4.2. Tribological investigation 
For the tribometric measurements, a ring-on-disc setup 
(Fig. 12) under immersion lubrication is applied. In this 
experiment the friction torque is measured while a ring 
sample and a disc sample are pressed and rotated against each 
other (e. g., [8]). Using Coulomb’s law of friction and the 
mean friction diameter, the measured torque can be converted 
into the coefficient of friction. The conformal (flat) surfaces 
of the contact pair in this setup ensures that the hydrodynamic 
effect of the surface structures can be achieved across the 
entire surface of the ring. This is advantageous for the 
investigation of hydrodynamic effects in the lubricant gap. 
 
 
 
 
 
Fig. 12. Experimental setup for the tribometric measurements (schematic). 
As described in the literature, the improvement of 
tribological behavior by using microstructured surfaces can be 
expected under different load conditions [1, 2, 8]. As a result 
of the reservoir effect, due to the storage of wear particles in 
the surface cavities, the reduction of abrasive wear is 
conceivable. Because of the selected compact sample 
geometry, wear measurements are easy to take in addition to 
the measurement of the coefficient of friction. A closer 
investigation of the tribological surface functionality of the 
machined surfaces will be the focus of future work. 
5. Summary and conclusions 
For the fast and efficient microstructuring of surfaces with 
tribological function, a new approach based on a two-staged 
VAT process was introduced. In order to study the 
possibilities and limits of this approach, the relevant 
parameters of the process were systematized. On the basis of 
this parameter space, a MATLAB simulation model was 
developed in order to calculate the kinematic surface 
structure. The influence of five different parameters on the 
characteristic micro-structuring parameters of structure 
density and structure aspect ratio was determined. It was 
shown that the structure density is especially sensitive to the 
process parameters, while the structure aspect ratio remains 
comparatively stable in the range of 0.036 to 0.061. 
Furthermore, the new approach was tested experimentally. 
It was possible to determine that high quality burr-free 
microstructures could be machined by face turning. It is 
expected that the results are transferable to longitudinal 
turning. The measured aspect ratios were approximated well 
by the simulation. The structure density, which is 
considerably more sensitive to the machining parameters, was 
predictable by tendency using the simulations. 
Compared to a typical turning operation including 
roughing and finishing, only a minimum of additional effort is 
required for the ultrasonic vibration in the developed two-
staged VAT process. However, reliable manufacturing 
requires highly precise machine tools working with accuracy 
in the micrometer range. 
The tested process configuration, including process 
parameters, materials and tool geometry, allowed the 
manufacturing of more than 5500 microstructures per second. 
It is assumed that optimizing systems and tools would lead to 
a much higher structuring rate. In combination with the 
investigation of the tool wear behavior and tribological 
surface functionality, this will be focus of future research 
activities. 
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